Background: Determinants of exercise capacity have not been clearly defined in hypertensive patients. Doppler tissue imaging (DTI), a recently developed echocardiographic modality, is useful for evaluating left ventricular (LV) function regardless of loading conditions. The present study was performed to identify the determinants of exercise capacity in hypertensive patients using DTI.
E
xercise intolerance is not uncommon in patients with hypertension. Although functional capacity is an important parameter of quality of life and provides prognostic information, the determinants of functional capacity have not been clearly defined in these patients. 1, 2 Previous studies have suggested that resting left ventricular (LV) systolic parameters, such as ejection fraction (EF), are poor predictors of exercise capacity. [3] [4] [5] Meanwhile, it has been shown that LV diastolic function is an important determinant of exercise capacity in healthy individuals and patients with various heart diseases. 2, 3, 6, 7 Also, some investigators have suggested that an abnormal response of LV systolic function during exercise, depressed contractile reserve, is responsible for impaired exercise capacity in these patients. [7] [8] [9] [10] [11] [12] These variable results from previous studies are partly due to intrinsic limitation of conventional echocardiographic parameters for LV systolic and diastolic function.
Doppler tissue imaging (DTI) is a relatively new echocardiographic modality for measuring myocardial velocity. Mitral annulus velocity measured by DTI has been shown to be a load-independent marker for LV systolic and diastolic function. 13 Because it is relatively load independent, it has a clear advantage over conventional Doppler indexes for evaluating LV function. [13] [14] [15] [16] [17] Therefore, the present study was performed to identify the determinants of exercise capacity in hypertensive patients using DTI.
Methods

Study Populations
Patients who were referred to the echocardiographic laboratory with the referral diagnosis of hypertension were prospectively recruited into the study. There were 26 men and 22 women, with mean age of 57 Ϯ 9 years (range, 40 to 70 years). None of them were involved in any program of structured aerobic or anaerobic exercise. Patients with atrial fibrillation, diabetes mellitus, ischemic heart disease, significant valvular disease, exercise-limiting musculoskeletal disease, hematologic disease, or pulmonary disease were excluded. All antihypertensive medications (if any) were continued during the examination. All patients were fully informed about the procedure and gave informed consent.
Echocardiography
Echocardiographic examination was performed at rest and immediately after exercise test with commercially available echocardiographic equipment (Philips, SONOS 5500, Andover, MA). Echocardiographic examination consisted of two-dimensional, M-mode, conventional Doppler, and DTI measurements. The LV end-systolic and end-diastolic diameters and wall thickness were measured using Mmode tracings. LV ejection fraction was calculated with the following formula:
2 ϫ 100, where LVEDD is the LV end-diastolic diameter and LVESD is the LV end-systolic diameter. The LV mass was calculated with the following formula: 1.04 [(LVIDd ϩ Diastolic LVPW thickness ϩ Diastolic IVS thickness) 3 Ϫ LVIDd   3 ] ϫ 0.8 ϩ 0.6, where LVIDd is the LV internal diastolic dimension, 1.04 is the specific gravity of the myocardium, and 0.8 is the correction factor. 18 Peak early (E) and late (A) diastolic velocities of mitral inflow were measured using pulsed-wave Doppler with the sample volume at the tip of mitral valve. Longitudinal systolic (S L Ј), and early (E L Ј) and late (A L Ј) diastolic myocardial velocities were measured in apical long-axis view using DTI with the sample volume at the LV basal posterior wall. Radial systolic and diastolic myocardial velocities (S R Ј, E R Ј, A R Ј) were also measured in parasternal long axis view with the sample volume at the same site (Fig. 1) . The DTI measurements were repeated immediately after exercise. We defined percentage changes of radial and longitudinal myocardial velocities as (DTI ve- Ͻ5.5 5.5-7 7 -9.5 9.5-13 Ͼ13
MET ϭ metabolic equivalents.
locity after exercise Ϫ DTI velocity at rest) / (DTI velocity at rest) ϫ 100. All measurements were made on three to five consecutive cardiac cycles and the average was used in the analysis. The measurements of echocardiographic parameters at rest and after exercise were performed without the knowledge of clinical data.
Exercise Treadmill Test
Symptom-limited exercise treadmill test (TMT) with modified Bruce protocol was performed to assess the patients' maximal exercise capacity with the commercially available equipment (Marquette Electronics Inc., Milwaukee, WI). All patients were encouraged to give maximal effort. Total exercise time was expressed in seconds and converted to metabolic equivalents (MET), which equals 3.5 mL of oxygen uptake per kilogram of body weight per minute, using the following formula: METs ϭ [1.11 ϩ 0.016 ϫ (exercise time in seconds)]. To adjust the effects of age and gender on the exercise capacity, estimated functional capacity was categorized into five groups: poor, fair, average, good, and high (Table 1) .
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Statistical Analysis
Data are expressed as mean Ϯ SD. Student t test was used for comparison of continuous variables. Pearson's correlation was used to investigate the correlation of variable factors with maximal exercise time. Multiple linear regression analysis was performed to identify the independent determinants of exercise capacity. Mantel-Haenszel tests were used to assess linear trends with age-and genderspecific estimated functional exercise capacity. All statistical analyses were performed with commercially available computer program SPSS 10.0 (SPSS Inc., Chicago, IL). P Ͻ .05 was considered statistically significant.
Results
Clinical characteristics and baseline echocardiographic data are shown in Table 2 . BP ϭ blood pressure; DT ϭ decleration time of E wave; DTI ϭ Doppler tissue image; E/A ϭ ratio of early to late diastolic velocities of mitral inflow; NS ϭ not significant; S R Ј ϭ radial systolic velocity; E R Ј ϭ radial early diastolic velocity; A R Ј ϭ radial late diastolic velocity; S L Ј ϭ longitudinal systolic velocity; E L Ј ϭ longitudinal early diastolic velocity; A L Ј ϭ longitudinal late diastolic velocity. P value by paired t test. Abbreviations as in Table 3 .
Multiple R value for model ϭ 0.664, F ϭ 17.712, P Ͻ.001.
Exercise Test
Mean exercise time was 525 Ϯ 135 sec (9.5 Ϯ 2.2 MET). Heart rate, blood pressure, and echocardiographic parameters changed significantly after exercise. Echocardiographic and hemodynamic data at rest and after exercise are shown in Table 3 .
Determinants of Maximal Exercise Time
On univariate analysis, resting longitudinal systolic and diastolic myocardial velocities, S L Ј (r ϭ 0.40, P Ͻ .01), E L Ј (r ϭ 0.41, P Ͻ .01), and A L Ј (r ϭ 0.31, P ϭ .03), showed significant correlation with maximal exercise time. Also, postexercise longitudinal (S L Ј, r ϭ 0.40, P Ͻ .01) and radial (S R Ј, r ϭ 0.58, P Ͻ .001) systolic velocities correlated well with maximal exercise time. Percent increase (% ⌬) of S R Ј velocity (r ϭ 0.61, P Ͻ .001) was also significantly correlated with maximal exercise time. However, LVEF, age, LV mass index, and resting mitral inflow Doppler parameters did not significantly correlate with maximal exercise time.
Multivariate analysis with linear regression model was performed with age, sex, and variables obtained in univariate analysis. The independent variables associated with maximal exercise time were E L Ј velocity and % ⌬ S R Ј (P ϭ .02 and P Ͻ .001, respectively) ( Table 4 ). Fig. 2 shows the correlation between multivariate independent variables and maximal exercise time.
Age-and Gender-Specific Functional Exercise Capacity
All patients were divided into five groups according to exercise capacity (Table 1 ) to adjust the influence of age and gender on exercise capacity. Statistically significant trends were observed with % ⌬ S R Ј velocity (P ϭ .002) (Fig. 3) .
Discussion
In the present study we have shown that longitudinal early diastolic myocardial velocity (E L Ј) and percent increase of radial systolic myocardial velocity after exercise (% ⌬ S R Ј) were related with maximal exercise time in hypertensive patients. To our knowledge, this is the first study to identify cardiac determinants of exercise capacity in hypertensive patients using DTI.
Doppler Tissue Imaging
The DTI is a recently developed echocardiographic modality to measure regional myocardial velocity focusing on lower velocity frequency shifts. 21 The DTI has several advantages over conventional Doppler echocardiography for evaluating LV diastolic and systolic function. First, because myocardial velocities determined by DTI are relatively load independent, 13, 14 it is useful for comparing LV functions before and after some interventions. Second, conventional Doppler techniques derive their information about myocardial function from blood flow velocity, but DTI directly measures indexes of myocardial function from the myocardium itself. 22 Therefore, DTI indexes have been shown to have good correlation with invasive markers for ventricular systolic and diastolic function such as maximum or minimum dP/dt and time constant of LV relaxation (tau).
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Determinants of Exercise Capacity in Hypertensive Patients
It has been reported that resting LV systolic indexes, such as LVEF or fractional shortening, are not related with exercise capacity. However, abnormal ejection fraction response during exercise, namely depressed contractile reserve, was reported to be important in hypertensive patients. [7] [8] [9] [10] [11] [12] In the present study, we measured systolic myocardial velocity to evaluate LV systolic function and contractile reserve because EF may not be a good indicator of LV systolic function In the presence of LV hypertrophy. 24 -26 Our data support the previous observations. Although resting S R Ј velocity did not show significant correlation, the percent increase of radial systolic myocardial velocity after exercise (% ⌬ S R Ј) showed a significant correlation with maximal exercise time. Previous investigators suggested that inadequate augmentation of enddiastolic volume during exercise 7 and intrinsic myocardial dysfunction 10, 11 are responsible for depressed contractile reserve during exercise. Interestingly, the percent increase of longitudinal systolic myocardial velocity did not show significant relationship with exercise time, which is likely because radial motion of the myocardium plays a major role in LV systolic function during ejection phase. 14, 27, 28 The LV diastolic indexes, such as early mitral E wave velocity or E/A ratio, have been shown to be important contributors to exercise capacity in normal individuals and patients with various cardiac diseases. [2] [3] [4] [5] [6] [7] In the present study, longitudinal diastolic myocardial velocity (E L Ј), a marker for LV relaxation, showed a significant correlation with exercise time. It should be noted, however, that the correlation was only moderate with the correlation coefficient of 0.28 and there was a significant overlap of longitudinal diastolic myocardial velocity at a given maximum exercise time. Although we also measured transmitral flow Doppler both at rest and after exercise, conventional diastolic Doppler indexes (ie, E, A, and E/A ratio) had no correlation with exercise duration, which is in line with the report by Guazzi et al. 29 
Study Limitations
First, although the Bruce protocol treadmill test has been widely used to assess exercise capacity, there may be some inaccuracy in estimating maximal exercise capacity in patients with cardiac diseases because of relatively larger increments between stages. 30 However, relatively healthy individuals such as our study population, the difference between Bruce and ramp protocol may be smaller. 30 In addition, cardiopulmonary function test for measuring maximal oxygen consumption might be more accurate to evaluate the exercise capacity. Second, peripheral muscular function can be another determinant of exercise capacity. Although we did not evaluate the peripheral muscular function, we excluded patients with regular exercise program to minimize its influence.
In conclusions, LV contractile reserve and early relaxation property are important factors to determine exercise capacity in hypertensive patients. Furthermore, early diastolic myocardial velocity might be useful for identifying hypertensive patients with poor exercise capacity.
